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Abstract: Cardiovascular diseases and cancer, the leading causes of morbidity and mortality in the
elderly, share some common mechanisms, in particular inflammation, contributing to their progression
and pathogenesis. However, somatic mutagenesis, a driving force in cancer development, has not
been generally considered as an important factor in cardiovascular disease pathology. Recent studies
demonstrated that during normal aging, somatic mutagenesis occurs in blood cells, often resulting in
expansion of mutant clones that dominate hematopoiesis at advanced age. This clonal hematopoiesis
is primarily associated with mutations in certain leukemia-related driver genes and, being by itself
relatively benign, not only increases the risks of subsequent malignant hematopoietic transformation,
but, unexpectedly, has a significant impact on progression of atherosclerosis and cardiovascular
diseases. In this review, we discuss the phenomenon of clonal hematopoiesis, the most important
genes involved in it, its impact on cardiovascular diseases, and relevant aspects of hematopoietic
stem cell biology.
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1. Introduction

With the advancement of medicine and decline in birth rate in industrialized countries, a substantial
increase in the aging population is observed worldwide, presenting a serious challenge to healthcare
systems. Incidence of cardiovascular diseases (CVD) and cancer, which are by far the most prominent
causes of death or disabilities, raises exponentially with age. Accumulating evidence in recent years
indicates that these pathologies may have certain common mechanisms, in particular, inflammation
and somatic mutagenesis. Atherosclerosis, as a major cause of CVD, coronary artery diseases, stroke,
heart failure, and venous thrombosus, is associated with inflammation and enhanced inflammatory
cytokine release [1,2]. Tumorigenesis is also promoted and accelerated by inflammation [3], which is
by itself a widespread phenomenon during aging [4].

The role of somatic mutagenesis and genome instability as causative factors in tumor progression
has been recognized for years. However, only recently, with development of new powerful sequencing
methods and bioinformatics tools, prevalence of somatic mutagenesis in aging processes has been
fully acknowledged. Human aging, as now evidenced by a number of studies, is accompanied by
gradual accumulation of somatic mutations in cells, in particular, stem cells responsible for tissue
homeostasis in an organism. Most importantly, these studies demonstrated age-related accumulation
in various tissues of cell clones containing single driver mutations, primarily in cancer-related genes.
These clones are more prominent in tissues characterized by rapid proliferation and/or exposure to
potentially harmful environmental factors [5–7]. For most of the tissues, the role of these mutant clones
in aging and age-related pathological processes remains yet to be established.
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2. Clonal Hematopoiesis

The hematopoietic system is one of the most rapidly dividing tissues in our organism, producing
about 250 × 109 red and white blood cells per day [8], and it is therefore no wonder that age-related
somatic mutagenesis takes place in it as well. Although acquired mutations are predominantly
neutral or even reduce cell fitness, some rare mutations provide selective growth advantage to cells,
accelerating their proliferation, decreasing their death rate, or rendering them insensitive to growth
inhibitory signals. The appearance with time of somatic blood cell clones as a result of acquisition of
gene mutations conferring selective growth advantage not resulting in malignant transformation has
been termed clonal hematopoiesis (CH). A more narrow term, a clonal hematopoiesis of indeterminate
potential (CHIP), has been recently coined by Steensma et al. [9] to define a clonal hematopoiesis that
does not result in changes of blood composition or overt hematological conditions. An alternative
term for the same phenomenon, age-related clonal hematopoiesis (ARCH) [10], is used less frequently.

Historically, the first data on age-related appearance of hematopoietic clones in healthy individuals,
although without knowledge of underlying somatic mutations, have been reported some 25 years
ago in studies of X chromosome inactivation in women [11,12]. In these reports, involvement of
hematopoietic stem cells (HSCs) in clonal expansion has been suggested on the basis of occurrence
of the same patterns in various blood lineages. Later on, a notion of mutation-related clonal
dominance in hematopoiesis has been developed in experiments in mice transplanted with retrovirally
marked hematopoietic stem/progenitor cells (HSPCs). A number of studies demonstrated that
post-transplantation hematopoiesis has been dominated by a limited number of highly expanded blood
cell clones. This was attributed to the insertion of retroviral genomes in the vicinity of genes important
for cell proliferation or fitness, in particular those involved in cell-cycle control, apoptosis signaling,
and transcriptional regulation, which apparently provided growth advantage to these clones [13].
Surprisingly, there is essentially no overlap between the list of candidate genes that presumably induce
clonal expansion in the mouse system and the genes found to be mutated in human studies of clonal
hematopoiesis (described below). Although the reasons for this discrepancy are currently unknown,
one might speculate that it is related to the different nature of mutagenesis mechanisms in both systems:
mostly gain-of function after retroviral insertion in mice, and primarily loss-of-function by spontaneous
mutagenesis in humans. Other factors, including short life-span in mice and lower resistance of their
cells to transformation, might be involved as well.

Only recently, 20 years since the first reports of CH, with the advent of next-generation sequencing
and related bioinformatics tools, the understanding of the nature and full scale of this phenomenon
has become possible. In 2014, three studies based on exome sequencing of genes recurrently mutated
in hematologic cancers reported existence of mutation-associated CH in large cohorts of individuals
unselected for hematological abnormalities [10,14,15]. The majority of mutations were associated with
DNMT3A (DNA methyltransferase 3 alpha), TET2 (ten-eleven translocation 2), and ASXL1 (additional
sex combs-like 1) genes, whereas JAK2 (Janus kinase 2), TP53, GNAS, PPM1D, and some other genes
were mutated at comparably lower frequencies. The observed mutations in CH pre-disposed affected
individuals to subsequent malignant hematological transformations, increasing about 10-fold the risk
of blood cancer development.

The occurrence of CH is tightly associated with age. The most clear-cut evidence for this is
provided by the study of Zink et al. [16] of more than 10 thousand Icelanders using non-biased whole
genome sequencing. According to their data, mutation frequency raised from a set value 0.5% in
subjects younger than 35 years to nearly 50% at ages older than 85 years. Young et al. studied healthy
individuals 50–70 years of age using an exquisitely accurate sequencing approach, allowing detection
of very rare mutations [17]. Their results demonstrated existence of clonal hematopoiesis, frequently
associated with mutations in DNMT3A and TET2 genes, in 95% of studied subjects. Earlier results
reported substantially lower prevalence of CH at older ages but were based on less sensitive exome
sequencing protocols [10,14,15]. Such a strikingly high prevalence of clonal hematopoiesis revealed
by Young et al., combined with the finding that in most individuals, the incidence of mutations did
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not increase to significant values within 10–12 years, may indicate that either the genetic background
exerts a strong influence on expansion of mutated clones, or that secondary mutations in other genes
not analyzed in this study are required for clonal growth. Alternatively, the majority of small mutant
clones may be kept in check by immune surveillance as in the case of malignant tumors [18], and
concomitant with age-associated decline of the immune system, some clones may get a chance for
a significant, clinically relevant expansion. A suggested timeline of CH and its relation to CVD is
depicted in Figure 1.
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Figure 1. Suggested timeline of clonal hematopoiesis (CH), potential factors affecting it, and its clinical
consequences. Upper tier: CH arises due to ongoing age-related somatic mutagenesis, which in turn is
likely a result of a progressive decline of DNA repair mechanisms with aging [19–22]. Middle tier:
age-relevant accumulation of small-size mutant clones followed by progressive appearance of the
large-size ones, resulting in clinically relevant CH. Age 0–50 years: Cases of CH are very rare, although
progressive age-dependent appearance of very small mutant clones (depicted as small blue dots) in at
least some individuals is likely. Age 50–70 years: Very small size mutant clones are detected in 95%
of the population, with usually several small clones per person [17]. In most subjects, these clones
are fairly stable, and do not show many-fold expansion within 10–12 years [17]. However, in a part
of the population (reaching about 20% by the age of 70 years), a strong expansion of some clones
(depicted as larger-size orange and red circles) does occur, leading to a CH (defined as cases with clonal
mutations greater than 0.02 variant allele fraction) with a potential clinical significance [16]. However,
only 20% of these mutant clones are associated with mutations in candidate leukemia driver genes [16].
Age 70–90+ years: Further formation of small mutant clones is likely to occur, and large, clinically
relevant mutant clones arise at increasing frequency, resulting in a more than 50% of CH prevalence in
population by the age of 90 years [16]. Bottom tier: Although factors affecting the expansion of very
small mutant clones to clinically relevant large ones are currently unknown, the genetic background
must have a significant role, both in promoting and inhibiting expansion. In addition, one might
presume that secondary mutations advance clonal expansion, whereas immune surveillance helps to
keep mutant clones at bay. A clonal drift in the aging hematopoietic system cannot be excluded as
well (not depicted). Negative effects of CH in cardiovascular diseases are gene-specific, but have a
common denominator, namely pro-inflammatory shift due to enhanced production by mutant cells
of inflammatory cytokines such as IL-1β (interleukin 1 beta) and IL-6 (interleukin 6). This, together
with enhanced production of myeloid cells, accelerates atherosclerosis and, consequently, increases
risks of myocardial infarction and ischemic stroke. These factors also contribute to cardiac fibrosis
and resulting heart failure. JAK2 (Janus kinase 2) mutations, in addition, strongly enhance risks of
venous thrombosis, predominantly due to increased production of thrombocytes and erythrocytes and
neutrophil extracellular trap formation.
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The initial reports of CH indicated that mutations of known leukemia-associated driver genes
occur in a majority of subjects with CH, but results of a more sensitive study by Zink et al. [16]
demonstrate a significantly different pattern, namely that only about 20% of individuals with CH carry
these leukemia-associated gene mutations. It is thus possible that the driver genes in these individuals
are involved in cell growth control but have not been previously associated with hematological
malignancies. Alternatively, these “unorthodox” clones may be a result of clonal drift in the aging
hematopoietic system.

An important issue is a stage of hematopoietic hierarchy at which somatic mutations involved in
CH arise. Initial CH reports based on X chromosome inactivation [11,12] suggested the involvement
of HSCs in this phenomenon. A highly accurate sequencing study mentioned above [17] revealed
that CH-associated mutations are often stable longitudinally and present in several hematopoietic
lineages, which implicates multipotent long-lived HSCs as a stage affected by CH-related mutagenesis.
Two other studies demonstrated that DNMT3A mutations occurred in both myeloid and lymphoid cells
and thus are likely to arise in multipotent HSCs, whereas TET2 mutations were associated with myeloid
compartment but not multipotent compartment [23,24]. The latter finding might indicate that TET2
mutations, in contrast to those of DNMT3A, arise at the stage of myeloid-biased or myeloid-committed
HSPCs. Alternatively, TET2 mutations may occur in HSC, but impart myeloid bias on subsequent
differentiation of these cells.

For the analysis of the connection of CH with CVD, the four genes, namely DNMT3A, TET2,
ASXL1, and JAK2, are mostly important. These genes are discussed in more detail in the chapters
below, and their potential clinical relevance is summarized in the Table 1.

Table 1. Summary of clinical/epidemiological and experimental findings for genes with the most
significant impact on clonal hematopoiesis and cardiovascular diseases.

Gene Clinical Effects of Gene Mutations Effects of Gene Deficiency/Mutations in
Experimental Models

DNMT3A (DNA
methyltransferase 3 alpha)

Increased risks of cardiovascular
diseases, in particular: coronary heart
disease, ischemic stroke, early onset

myocardial infarction, coronary artery
calcification. Increased risks of adverse

outcomes and mortality in patients
with chronic heart failure.

Upregulation of multipotency genes, strong
enhancement of hematopoietic stem cell (HSC)
self-renewal and expansion. Pro-inflammatory

shift, cardiac hypertrophy and fibrosis,
diminished cardiac function.

TET2 (ten-eleven
translocation 2)

Increased risks of cardiovascular
diseases, in particular: coronary heart
disease, ischemic stroke, early onset

myocardial infarction, coronary artery
calcification. Increased risks of adverse

outcomes and mortality in patients
with chronic heart failure.

Enhancement of hematopoietic stem cell
self-renewal, enlargement of the HSC

compartment, myeloid shift with eventual
myeloproliferation. Accelerated atherosclerosis

and significant increase in atherosclerotic
plaque size, proatherogenic interleukin 1β

secretion in macrophages. Worsening of cardiac
remodeling and function in experimental

models of heart failure. Cardiac dysfunction
due to hypertrophy and fibrosis, enhanced

inflammatory signature in heart macrophages.

ASXL1 (additional sex
combs-like 1)

Increased risks of coronary heart
disease and ischemic stroke.

C-terminally truncated forms produce enlarged
hematopoietic stem cell pool and increased

susceptibility to leukemic transformation. No
data as yet on effects on atherosclerosis and

cardiovascular diseases.

JAK2 (Janus kinase 2)

Myeloproliferative diseases,
polycythemia vera. Enhanced

production of erythrocytes and
thrombocytes. Increased risks of

venous thrombosis. Increased risks of
coronary heart disease.

Development of polycythemia vera-like
pathology in mice, increased propensity for

neutrophil extracellular trap formation.
Increased atherosclerosis with early lesion

formation and increased complexity in
advanced state. Enhanced production of

proinflammatory cytokines and chemokines, in
particular interleukin 6 and interleukin 1β.
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3. DNMT3A

Among the genes whose mutations are associated with CHIP, DNMT3A demonstrates the
highest mutation rate, with more than 250 mutations, affecting regulatory and catalytic domains,
identified so far [10,14,15,25–28]. In general, similar mutations were identified in various hematological
malignancies. DNMT3A encodes a DNA methyltransferase that is responsible for de novo introduction
in DNA of the one of the most important epigenetic marks, methyl cytosine [29]. According to a study
where a large cohort of patients with coronary heart disease as well as a control cohort were analyzed
using whole exome sequencing, mutations in DNMT3A (as well as in TET2, ASXL1, and JAK2) were
found to be associated with a significantly increased risk of coronary heart disease [30]. Association of
DNMT3A mutations with CVD was also demonstrated in a number of studies [10,31–33]. Importantly,
studies in mouse models demonstrated that inactivation of this gene in HSCs upregulates multipotency
genes while suppressing genes encoding differentiation factors [34]. Dnmt3a depletion in HSCs greatly
enhances their self-renewal allowing them to expand indefinitely, which manifests in their ability to
support hematopoiesis after 12 cycles of serial transplantation in mice, far exceeding their normal
potential of regeneration [35]. It appears that inactivation of Dnmt3a results in a pro-inflammatory
shift in mice. In particular, depletion of Dnmt3a in Lin(-) bone marrow cells using CRISPR/Cas9
technology promotes cardiac Ang II-induced cardiac dysfunction [36]. Depletion of Dnmt3a in
mast cells exacerbated their responses to acute and chronic stimuli [37], its deficiency also enhanced
production of interferon-γ by T cells [38], and increased lung inflammation in a murine asthma
model [39].

4. TET2

The second most frequently mutated gene in CHIP is a key enzyme that participates in an epigenetic
pathway opposite to that of DNMT3A, namely active demethylation of methylcytosine in DNA. TET2
is a dioxygenase catalyzing conversion of 5-methylcytosine (5mC) into 5-hydroxymethylcytosine
(5hmc) [40–42]. For TET2, more than 130 various mutations resulting in reduced activity of enzyme
were found so far. TET2 mutations frequently occur in myelodysplastic syndromes and myeloid
cancers [43,44]. Association of TET2 with CVD was demonstrated in the same studies that implicated
cardiovascular connection of DNMT3A [10,30–33]. In addition, recent data indicate that patients with
chronic heart failure harboring both TET2 and DNMT3A mutations are at higher mortality risk than
single mutation carriers [45].

There are a number of studies demonstrating importance of murine Tet2 as a critical regulator of
HSC self-renewal and differentiation in mice. Tet2 deficiency in mice results in dramatic reduction in
the 5-hydroxymethylcytosine levels and concomitant increase in the 5-methylcytosine levels in bone
marrow cell DNA, increased stem cell self-renewal, competitive advantage of Tet2-null HSCs over
wild-type ones, progressive enlargement of the HSC compartment, and altered cell differentiation,
skewing toward monocytic/granulocytic lineages with eventual myeloproliferation in vivo [46–49].
Interestingly, although the reported role of Tet2 in hematopoiesis is primarily related to its catalytic
activity, it has also a non-catalytic role essential in regulation of HSPC homeostasis [50].

Important experiments revealing a connection between TET2-induced CH and atherosclerosis
were performed by Fuster et al. using bone marrow transplantation of Tet2-deficient cells to
atherosclerosis-prone LDLR (low density lipoprotein receptor)-deficient mice [51]. The transplanted
cells competitively expanded in recipients, which led to accelerated atherosclerosis and significant
increase in atherosclerotic plaque size. Moreover, TET2-null macrophages markedly increased
proatherogenic IL-1β (interleukin 1 beta) secretion mediated by NLRP3 (NLR family pyrin domain
containing 3) inflammasome. Essentially similar results were reported in another study with bone
marrow transplantation of Tet2-null cells [30]. In this work, analysis of macrophages from Tet2
knockout mice also demonstrated enhanced expression of certain proatherogenic chemokine and
cytokine genes. Depletion of Tet2 in blood cells was shown to worsen cardiac remodeling and function
in two experimental murine models of heart failure, implicating a causative role of Il-1β overproduction
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in this process [52]. This result provides firm experimental evidence in support of epidemiological
analyses connecting TET2 mutations with increased risk of cardiovascular diseases. In support of this,
a recent study involving transplantation of Tet2-deficient bone marrow cells into nonirradiated mice
demonstrated that transplanted animals developed age-related cardiac dysfunction due to hypertrophy
and fibrosis, whereas heart macrophages had enhanced inflammatory signature [53]. In a study
including a large cohort of CHIP carriers, TET2 mutations in blood cells were associated with markedly
increased serum levels of IL-1β and IL-6 (interleukin 6) [54], implicating pro-inflammatory cytokines
as causal factors in CVD progression connected with TET2-induced CH.

5. ASXL1

ASXL1 is frequently mutated in all forms of myeloid malignancies, as in the case of DNMT3A and
TET2, and has a role in balancing HSC self-renewal and differentiation. ASXL1 encodes a scaffolding
protein interacting with the polycomb repressing complex 2 that is involved in trimethylation of lysine
27 of histone 3 (H3K27me3) [55]. Mutations in ASXL1 are associated with increased risks of coronary
heart disease and ischemic stroke [10,30].

Available data in mouse models suggest that hematopoietic-specific Asxl1 depletion reduces
HSC pool, HSCs self-renewal, and hematopoietic repopulating capacity and results in multilineage
cytopenias and dysplasia with features of myelodysplastic syndrome [56,57]. However, C-terminally
truncated forms of Asxl1 that are similar to the most abundant ASXL1 mutations occurring in CHIP
and myeloid malignancies, produce different effects, namely enlarged hematopoietic stem cell (HSC)
pool and increased susceptibility to leukemic transformation [58–60]. No direct data as to the effects of
ASXL1 mutations on atherosclerosis and cardiovascular disease are available so far. However, based on
the broad similarity of phenotypes produced by C-terminally truncated forms of Asxl1 and by Dnmt3a
or Tet2 depletion, similar negative effects of ASXL1 mutations on CVD pathology may be surmised.

6. JAK2

Association of JAK2 mutations with CH was first reported in 2005 when these mutations were
detected in a vast majority of individuals with polycythemia vera (PV) [61,62], a myeloproliferative
disorder characterized by overproduction of erythrocytes and thrombocytes. JAK2 mutations were
also found associated at high frequency with other myeloproliferative disorders such as essential
thrombocythemia and primary myelofibrosis. Therefore, mutations in this gene can be classified as
CH-inducing but not CHIP-inducing ones as they produce a hematological disorder. JAK2 belongs to a
family of nonreceptor tyrosine kinases transducing growth signals from type I and II cytokine receptors.
In contrast to DNTM3A, TET2 and ASXL1 loss of function mutations, CH-inducing mutations in JAK2
result in a gain of function. By far the most common variant is the JAK2V671F encoding a protein with
constitutive tyrosine phosphorylation activity that promotes cytokine hypersensitivity. Experiments
with adoptive transfer of retrovirally transduced bone marrow cells or transgenic mouse models
revealed that this mutation is sufficient for development of PV-like pathology in mice, and severity of
the phenotype depends on the mouse strain and mutation load [61,63–66]. Interestingly, heterozygous
expression of human JAK2V671F mutant protein in mouse knock-in model resulted in severe PV-like
disease with secondary myelofibrosis, a substantially more severe pathology compared to essential
thrombocythemia usual for heterozygous mutation in humans [67]. Importantly, development of
PV-like pathology in the JAK2V671F transgenic model was dependent on both thrombopoietin and
Stat5 (signal transducer and activator of transcription 5) signaling as inactivation of either of the genes in
transgenic animals abrogated manifestations of PV [68,69], Wolach et al. found that mice with knock-in
of Jak2V617F have elevated risk of thrombosis due to increased propensity for neutrophil extracellular
trap formation, a component of innate immunity linked to thrombosis [70]. They also demonstrated,
using a large cohort of individuals without overt myeloid disorders, that JAK2V617F-induced CH was
strongly associated with an increased incidence of thrombosis.
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In addition to the highly elevated risk of venous thrombotic events in carriers of JAK2V671F allele,
a strikingly high, about 12-fold, increase in the risk of coronary artery disease is associated with this
mutation [30], significantly higher than for mutations in three genes discussed above. This elevated
risk is apparently not due to cholesterol accumulation as individuals with JAK2V671F mutation usually
display lower circulating cholesterol levels [54,71]. In agreement with these findings, LDLR-knockout
mice transplanted with bone marrow from JAK2V671F transgenic animals demonstrated increased
atherosclerosis with early lesion formation and increased complexity in advanced state. Enhanced
production of proinflammatory cytokines and chemokines, as well as cellular defects in erythrocytes
and macrophages, leading to increased erythrophagocytosis, were also observed [72]. Lower blood
cholesterol levels were, however, observed in mutant mice, in concordance with studies of JAK2V671F
mutation in humans.

7. HSPC Biology and Clonal Hematopoiesis

In addition to the fact that HSPCs seem to be a major stage at which driver gene mutations result in
CH, certain specific aspects of HSPC biology may be related to CH phenomenon and associated CVDs.
An important issue connecting CH, HSCs, and atherosclerosis is a cholesterol metabolism. Increased
cholesterol levels or defects in cholesterol efflux in HSCs has been shown to stimulate proliferation
and mobilization of HSCs, and promote expansion of myeloid cells [73,74]. This is basically similar to
what is found in CH, and may also exacerbate CH effects. Statins, primarily seen as drugs reducing
cholesterol levels, may thus also function to inhibit excessive HSC proliferation and mitigate effects of
CH, although hardly in the case of JAK2 mutations where decreased cholesterol levels were observed.

Importantly, although HSPC function appears to have significant impact on CVD pathogenesis,
the opposite seems also to be true. In particular, Dutta et al. demonstrated in Apoe-/- (apolipoprotein
E-deficient) mice that myocardial infarction induced proliferation of HSCs and their mobilization to
spleen, which boosted monocyte production and exacerbated atherosclerotic lesions [75].

One of the potential mechanism related to CH and aging is telomere shortening, which is primarily
a result of low telomerase activity and high cell proliferation rate. Accordingly, aging is accompanied
by progressive shortening of telomeres in the hematopoietic system. In sequencing-based association
studies, a clear association with CHIP was reported for an 8-bp deletion in the intron of the TERT
gene [16,54]. Telomeres were also substantially shorter in individuals with CHIP [16]. In individuals
with dyskeratosis congenita, a disorder caused by defective telomere maintenance, clonal hematopoiesis
is very often, occurring in a half of patients [76]. Erosion of telomeres may eventually result in
chromosome instability, paving the way to leukemogenesis. Importantly, the telomere attrition is not
only caused by a high number of cell divisions, but may also be induced by oxidative stress. However,
HSCs in bone marrow are located in regions of low O2 concentration [77,78], with the lowest oxygen
concentration found in deeper peri-sinusoidal regions [79]. In addition, HCSs use aerobic glycolysis for
maintaining their energy balance [80]. This, in combination with low O2 concentration, allows HSCs
to keep reactive oxygen species (ROS) that can damage DNA at the minimal level, thus suppressing
mutagenesis in HSCs. However, CH is associated with increased oxidative stress, at least as shown for
myeloproliferative diseases [81,82]. The increased oxidative stress in CH may serve as a feedback loop,
both stimulating mutagenesis in HSPCs and accelerating telomere attrition. However, ROS are also
required for proliferation since ROS depletion below the critical level by inactivation or protein kinases
AKT and AKT2 blocks HSC proliferation and differentiation [83]. Vice versa, one might expect that
elevation of oxidative stress drives HSPC overproliferation independently of CH driver mutations,
thus increasing the risk of CVD complications.

Another feedback loop involving HSPs is related to the pro-inflammatory shift induced by CH [84].
Recent results indicate that the pro-inflammatory environment is stimulatory for proliferation of
mutated HSPCs in contrast to that of normal ones [85]. It should be noted that chronic inflammation
and oxidative stress are closely related, in part, through NF-kB (nuclear factor kappa B) signaling [86].
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Thus, pro-inflammatory shift and oxidative stress may reinforce each other in clonal hematopoiesis,
with apparent effect on cardiovascular risks.

Finally, the role of the HSPC environment is worthy of discussion. HSPCs in bone marrow
are located in specific microenvironments, called niches, likely of perivascular origin, that include
endothelial cells, pericytes (mesenchymal stem cells), and some other cell components [87]. Niches of
multipotent HSCs are thought to maintain them in a predominantly dormant state while allowing
them to temporarily enter the cell cycle in response to physiological demand, whereas niches of more
committed HSCs and progenitors are likely more permissive for proliferation and might be even
promoting it. Despite the largely instructive role of niches described above, interaction of HSPCs with
niches appears to be bi-directional. It is now well established that leukemic cells are able to modify
their niches. Thus, MSCs in bone marrow during chronic lymphocytic leukemia proliferate slower
and have features of senescent cells [88]. On the other hand, normal HSCs placed in such a leukemic
niche enter the cell cycle and proliferate intensively [89]. Thus, accumulating evidence indicates the
hematopoietic niches are involved in pathological processes associated with leukemic progression.
Although there is currently a paucity of data regarding niche components in clonal hematopoiesis
and myeloproliferative diseases, it is fairly plausible that alterations of microenvironment may have a
similar, although likely less significant role in these conditions as well. In support of this hypothesis,
the pro-inflammatory milieu in bone marrow of aged mice with hematological alterations reminiscent
of those occurring with CH, induced changes not only in HSPCs but in their niches as well [90].

8. Potential Therapeutic Interventions for CH-Related Conditions

Potential treatment for TET2-mediated CH that can reduce cardiovascular risks has been suggested
recently by two important studies. Agathocleous et al. [91] discovered that HSCs had unusually high
levels of vitamin C (ascorbate). Vitamin C depletion in mice reduced function of Tet2, expanded the
HSC pool and accelerated leukemogenesis, whereas ascorbate supplementation had the opposite effects.
Ascorbate thus negatively regulates HSC function and myelopoiesis through Tet2 activation. Cimmino
et al. [92] demonstrated that in mice with reversible knockdown of Tet2, ascorbate supplementation
mimicked the effects of Tet2 restoration, increased the levels of 5hmc, and restored normal hematopoietic
stem and progenitor cell (HSPC) self-renewal and blood homeostasis. Combination of ascorbate with
decitabine resulted in higher remission rates and median overall survival I patients with acute myeloid
leukemia as compared to decitabine alone, and enhanced TET2 activity in leukemic cells in vitro [93].

Since Tet2 deficiency in macrophages results in overproduction of the pro-inflammatory and
pro-atherogenic cytokine IL-1β [51], accelerated plaque growth, and increased risks of heart failure in
mouse models [45], this raises the possibility that the blockade of IL-1β or its receptor may be effective
therapy in individuals with TET2 mutations. In support of this, targeting the interleukin-1β in the
CANTOS trial with an IL-1β-neutralizing antibody canakinumab significantly lowered the risk of
recurrent cardiovascular events [94]. As TET2 mutations in blood cells are associated with increased
serum levels of IL-6 in addition to IL-1β [33,54], blockade of IL-6 with neutralizing antibodies might
also be a promising strategy to counteract effects of TET2 mutations in HSCs.

Yet another therapeutic avenue for targeting TET2 function in hematopoiesis and CVD has
been suggested by the recent study of Sun et al. [95], which demonstrated that SIRT1 (sirtuin 1)
deacetylates TET2, enhancing its activity. The authors found that SIRT1 levels, and hence TET2 activity,
were decreased in aberrant HSPCs in myelodysplastic syndrome (MDS), whereas overexpression of
SIRT1 or its activation by agonist SRT1720 resulted in reduced myelodysplastic HSC survival. Based on
these findings, synthetic SIRT1 activators or resveratrol, which is one of the potent natural compounds
activating SIRT1 [96], are reasonable candidates for mitigating deleterious effects of TET2 mutations on
hematopoiesis, atherosclerosis, and CVD. Consistent with this, treatment with SIRT1 agonist SRT3025
decreased levels of LDL-cholesterol and diminished atherosclerosis in Apoe(-/-) mice [97].

As for the JAK2-associated CH, Wolach et al. [70] demonstrated that treatment of thrombosis-prone
Jak2V617F mice with ruxolitinib, a clinically available JAK2 inhibitor, reduced the propensity for
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thromb formation. Recently, Tang et al. [98] reported that selective JAK2 inhibitor TG101348 (fedratinib)
treatment of Apoe-/- mice fed with high-fat high-cholesterol diet decreased phosphorylation of STAT5
and ERK1/2, reduced HSPC proliferation and excessive myelopoiesis, and resulted in substantial
reduction of aortic atherosclerosis. Yang et al. [99] found that in a rabbit model of atherosclerosis
based on a high-fat diet combined with aorta balloon injury, treatment with ruxolitinib substantially
reduced the area of atherosclerotic plaques and inhibited production of pro-inflammatory cytokines
IL-6, IL-1β, IFN-γ (interferon gamma), and TNF-α (tumour necrosis factor alpha). As in the case
with TET2 mutations, blockade of IL-1β or IL-6 may also be a promising strategy for treatment of
JAK2-associated MPDs. Moreover, as suggested by the studies implicating STAT5 and thrombopoietin
in mutant JAK2 signaling [68,69], antagonizing these proteins may also be efficient in handling the
effects of Jak2V617F mutation. Since Jak2V617F promotes thrombosis by activating β1 and β2 integrin
chains in leukocytes [100], inhibition of integrin activation may be a promising strategy to reduce
thrombotic CVD risks of JAK2 mutations.

Finally, bearing in mind significant advances of the recent years in cancer immunotherapy, it might
be hypothesized that, for CH associated with missense mutations, it is theoretically possible that
boosting the aging immune system and its immune surveillance function may lead to suppression or
elimination of mutated clones. However, whether such a specific and efficient immune elimination
will be clinically feasible is not currently clear.

9. Concluding Remarks

CH is a common condition in the elderly, and is induced by mutations in HSPCs that
lead to expansion of progeny leukocytes with altered immunomodulatory properties, and to a
pro-inflammatory shift inducing increase in CVD risks. Research in CH, although still quite new,
already achieved important milestones in revealing the connection of CH with CVD and gene mutations
involved in it.

One of the important and clinically relevant avenues in further CH research is a search for factors
that contribute to expansion of clones in CH or, vice versa, may limit it. More animal experiments
tailored to CH mutations combined with clinical and epidemiological studies will undoubtedly provide
more precise and clinically relevant information on how CH develops and how it impacts human
health in the elderly population, including potential effect of CH on non-CVD-related pathologies.

Summing up, clonal hematopoiesis, due to its relatively high incidence in an aged population
and impact on leukemogenesis and CVD risks, rapidly becomes a public health issue. It appears that
CH-targeted diagnostic tools must be advanced, while management of CH needs to be personalized
and patient-tailored preventive care strategies elaborated.
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Abbreviations

Apoe apolipoprotein E
ARCH age-related clonal hematopoiesis
ASXL1 additional sex combs-like 1
CH clonal hematopoiesis
CHIP clonal hematopoiesis of indeterminate potential
CVD cardiovascular diseases
DNMT3A DNA methyltransferase 3 alpha
GNAS GNAS complex locus
HSC hematopoietic stem cells
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HSPC hematopoietic stem/progenitor cells
IFN-γ interferon gamma
IL-1β interleukin 1 beta
IL-6 interleukin 6
JAK2 Janus kinase 2
LDLR low density lipoprotein receptor
NF-kB nuclear factor kappa B
NLRP3 NLR family pyrin domain containing 3
PPM1D protein phosphatase, Mg2+/Mn2+ dependent 1D
PV polycythemia vera
ROS reactive oxygen species
SIRT1 sirtuin 1
Stat5 signal transducer and activator of transcription 5
TET2 ten-eleven translocation 2
TNF-α tumor necrosis factor alpha
TP53 tumor protein p53
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